Abstract Here is shown method for the hydraulic solution of a looped gas-pipeline networks. Calculation of presented network is done according to principles of Hardy Cross method. The optimization was carried out by iteration of the pipes diameters, node consumptions are known and flow velocities through pipes have to stand below certain values. Accent is on determination of appropriate friction factor, and on selection of representative equation for natural gas flow under presented conditions in the network. Inappropriate usage of friction factor, equally as inappropriate usage of gas flow equation can lead to inaccurate final results. Here is shown new facts in comparison to previous calculation of gas distribution network in Kragujevac, Serbia which is done in 1994. After the implementation, measurements in situ have performed, and real measured values deviate from calculated. Causes for these errors are investigated, and improved and more accurate procedure is shown.
I. INTRODUCTION
When a gas is forced to flow through pipes it expands to a lower pressure and changes its density. Flow-rate equations for condition in gas distribution networks assume a constant density of a fluid within the pipes. This assumption applies only to incompressible flows. This kind of flow regime is most suitable for waterdistribution systems for municipalities (or any other liquid, like oil, etc.) . For the condition of pressure drop in typical gas distribution networks, gas can be treated as incompressible fluid, i.e. liquid. But even under these circumstances flow equation for water or crude oil cannot be literally copied and applied for natural gas flow. Gas consumption has grown rapidly nowadays in the world, and as a result new equations for flow and pressure drops in the distribution networks are developed and established in engineering practice. This paper addresses to the problem of hydraulic resistance in pipes used for construction of networks for distribution of natural gas in the cities and with subject to all the practical requirements for the engineers charged with design and/or analysis of such system. This paper is especially addressed to those engineers willing to understand and interpret the results of calculation properly and to make good engineering decision based on this subject.
Every pipe is connected to two nodes at its ends. In a pipe network system, pipes are the channels used to convey fluid from one location to another. The physical characteristics of a pipe include the length, inside diameter, roughness coefficient, and minor loss coefficient. The pipe roughness coefficient is associated with the pipe material and age. The minor loss coefficient is due to the fittings along the pipe. When fluid is conveyed through the pipe, hydraulic energy is lost due to the friction between the moving fluid and the stationary pipe surface. This friction loss is a major energy loss in pipe flow and is a function of flow rate, pipe length, diameter, and roughness coefficient. In the paper of Manojlović et al. (1994) , which deals with optimized design of a gas-distribution pipeline network in the town of Kragujevac in Serbia, the Darcy-Weisbach formula with incorporated friction factor developed by Schifrison is applied. In the present practice, Renouard (1962) equation is used by the engineers from Serbia and other countries, such as France, Spain, Portugal, etc. Advantage of this or similar equations are to be explained in further discussion. Previous calculation of the gas network of Kragujevac from 1994. is very similar with calculation of water distribution networks (Sorbu and Borza, 1997; Samani and Naeeni, 1996; Kim, 2007) , and according to this fact some deviations are occurred in real conditions apropos calculated results. This paper is referring to work of Hardy Cross (1936) in the field of analysis of flows in networks, with improvement of method by Epp and Fowler (1970) which is also based on in loop-oriented equations (modified Hardy Cross method). The Newton-Raphson method is used by Epp and Fowler (1970) to linearize the nonlinear mass and energy equations and to solve set of equations simultaneously while the approach of Hardy Cross is to solve these equations successively. Finale result (same results for both methods, but after different number of iterations) is to be done after iterative procedure according to above cited methods. This paper deal also with turbulent flow in a smooth and in a rough pipes, with friction factors and flow regimes investigated by Reynolds (1883) , Blasius (1908; Roberson and Crowe, 1985) , Nikuradze (1933) , Moody (1944 Moody ( , 1947 , Colebrook (1939) , Colebrook and White (1937) , Altshul (1982; Nekrasov 1969) , Shifrinson (1937) , Renouard (1962) and others.
II. METHODS AND MAIN TEXT
A. Comments on previously adopted friction factor and used equations Losses of energy, or head (pressure) losses depend on the shape, size and roughness of a channel, the velocity and viscosity of a fluid, and they do not depend on the absolute pressure of the fluid. Experiments show that in many cases pressure drop are approximately proportional to the square of the velocity (eq. 1).
Equation (1) 
Further, to predict whether flow will be laminar or turbulent, it is necessary to explore the characteristics of flow in both laminar and turbulent states. O. Reynolds found that the onset of turbulence in pipe was related to one non-dimensional parameter (eq. 3) 2 :
Flow regime will be changed from laminar to turbulent at a Reynolds number in the neighborhood of 2100 (or higher under special circumstances). For laminar flow (see line A in fig. 1 and 2), resistance coefficient is given by eq. 4 (Hagen-Poiseuille equation):
Further, for turbulent flow, in smooth pipes friction losses are completely determined by Reynolds number (see line B in fig. 1 and 2). In rough pipes, however, the value of friction coefficient depends also on the roughness of the inside pipe surface. The important point is not so much the absolute roughness size-k of the projections as the so-called relative roughness-k/D; for the same absolute roughness may have no effect on the resistance of a large pipe and considerably increase the resistance of a small one. So, the friction coefficient depends both on Re and on the ratio-k/D: λ=f(Re; k/D). Simultaneous effect of these two parameters on pipe friction is shown in the fig. 1 (zone 2), based on experiments of Nikuradse (1933) and Moody (1944) . Zone 1 in fig. 1 is the area of unstable flow and should to be 1 In USA coefficient after Fanning -f is common (λ=4f) 2 Assuming a gas dynamic viscosity of 1.0758•10 -5 Pas typical of natural gases: Re=145158.7•Q0•ρ•D -1 (density natural of natural gas calculated from available date from the paper of Manojlović et al. (1994) 2. The critical Reynolds number practically does not depend on roughness. The triangle curves (see eq. 6) (Obrović and Šašić, 1990) 
3. In turbulent flow when Re and k/D are small roughness does not affect resistance; in some places the triangle lines coincide with line B in fig 1 and 2 (eq. 5). Similar results are brought by Konakov (eq. 7; available from (Obrović and Šašić, 1990) ) and Renouard (1962) relation; eq 8:
4. However, with Re increasing the roughness begins to take effect and the curves for rough pipes begin to deviate from the straight line of resistance law for smooth pipes (zone 2 in fig 1) . Relations of Altshul (1982) (eq 9) and Colebrook (1939; Colebrook and White, 1937; Swamee and Jain, 1976 ) (eq 10) are valuable for this partially turbulent zone:
5. At high values of Re and K/D the friction factor no longer depends on Reynolds number and becomes constant for a given relative roughness . This corresponds to the horizontal portions of the triangle lines (zone 3 in fig 1 and zone marked with black colour in fig 2) . Relations of Shifrinson (1937) (eq 11) or special Colebrook (1939; Colebrook and White, 1937; Swamee and Jain, 1976 ) (in explicit form) can be applied for this, fully turbulent regime (eq 12):
Explicit equations were developed by Chen (1979) , Round (1980) , Romeo et al. (2002) and others.
According to main project of gas pipeline of Kragujevac (results are presented also in paper by Manojlović et al. (1994) , friction coefficient in pipes (network in fig. 2 ) is calculated after Shifrinson (1937) equation (eq. 11) . Pipe roughness is reported as k = 0.007 mm (Manojlović et al., 1994) . In fig. 1 , minimal relative roughness k/D is 1/500=0.002, while in the paper of Manojlović et al., (1994) are in range from 0.000032 to 0.000455 (log Re is in range from 2.8 to 5.3). So, Shifrinson (1937) equation (eq. 11) cannot be used, here can be recommended some of the relations correlated to line B in fig 1 and 2. These equations are (5), (7) and (8).Especially, Renouard (1962) equations are frequently used in Serbia, France, Portugal (Coelho and Pinho, 2007) , Spain and many other countries for the sizing of distribution gas lines. Today, polyethylene pipes (von Bernuth and Wilson) are used for construction of gas distribution networks, and these pipes are approximately smooth. Also in pipe 17, flow is practically laminar (fig  2 and 3) , and Shifrinson relation (1937) is for extremely turbulent conditions. Application of Shifrinson equation (1937) in the calculation of Kragujevac's network implies that pipes 17, 20, 21 and 26 are belong to nonexistent sub-laminar zone (below laminar) and all other remain pipes belong to highly unstable zone 1, between line A and B in fig. 1 and 2 . Pipe 17 is already very thin (27.4 mm) but with laminar flow, and it is potential candidate for troubles in exploitation of the network. Detail report for inner roughness for different types of pipes can be found in Oil and Gas Journal, 03.05.1965. For the gas flow in horizontal pipes with constant diameter, eq. 1. can be arranged as eq. (13):
Where are:
0 0 
Now, friction factor-λ, can be replaced with Renouard relation (8), and after transformation -see details in the papers of Renouard (1962) and Coelho and Pinho (2007) , final equation can be written as (18): -5 m 2 /s, and a flow temperature of 15 ºC. This means that by fixing the value of gas cinematic viscosity, the density is also kept fixed, which is physically inaccurate when considering compressible gas flows at medium or high pressure, because the cinematic viscosity of gases is highly dependent upon pressure.
B. Comparison of the actual and previous results
In fig 3 is shown ring-like part of the gas distribution network from the one of the urban zone from the town of Kragujevac in Serbia (Manojlović et al., 1994) . There are 29 independent nodes in the ring-like network, 43 branches belonging to rings with 25 branches mutual to the two rings. Gas consumption per node is represented in fig 3 and computation results with new equation with new friction factor incorporated in are compared with in results presented in (Manojlović et al., 1994) are shown in Table 1 . The velocity limits are 6 m/s for the pipes of small diameter (up to 90 mm) and 12 m/s for the pipes of large diameter (up to 225 mm). The total network gas supply input in node 1 is 2339.4 m 3 /h. Calculation is done according to original Hardy Cross (1936) method, improved Hardy Cross method, both with Schifrinson (1937) and Renoard (1962) friction factor (Coelho and Pinho, 2007) . Relation for corrections used in Hardy Cross method (19) is done based on relation (2) showed also in the paper of Manojlović et al., (1994) , and here presented relation (18). 
This relation (19) becomes with of implementation of eq 2 and eq 11 used in previous calculation from 1994 (eq. 20): 
Also eq 19 after implementation of eq 18, becomes (eq. 21): 
Above showed relations are used for calculation after original Hardy Cross (1936) method (successive calculation), and relations for improvement method is complicated in a mathematic approach (Newton-Raphson simultaneous solution), but not in basic assumption. This improvement cause increase speed of converging in iterative procedure without affect on final result. As a consequence, conclusion is that results are not depend on chosen method (original vs. improved Hardy Cross). Manojlović et al., (1994) (here after 2 iterations in improved method, and after 146 in original method), b after 9 iterations in improved method, and after approx. 1500 iterations in original method; c after 12 iterations in improved method, and after approx. 1150 iterations in original method (Table 2 ; column 'initial pattern'). Previous results from 1994. are shown also in tables 1 and 2 and they are clearly marked.
In Table 1 and 2 are shown results with more demanded criterions (compared to previous calculation from 1994.) for interrupting of iterative procedure (algebraic sum of pressure drop per contour must be approximately zero). On that way results can be compared.
The flow direction in branches 15, and 16 (and 17 with Shifrinson (1937) friction factor) is opposite to the flow direction shown in Fig. 3 .
Inappropriate usage of friction factor is not visible significantly in the results of a flow calculation (Table  2) , but for pressure calculation, errors are significant (Table 1) . Correct results for flows can be done using eq 22, but calculated pressure drop is even then under expected values (perhaps like in waterworks). III. CONCLUSIONS Hardy Cross method procedure can give good results when designing a looped gas-pipeline network of composite structure. According to the price and velocity limits, the optimal design can be predicted. But all parameters, e.g. friction factor, relation for calculation of pressure drop in pipes, equation for calculation of gas flow, and similar must be chosen in a very careful way. Today, distributive gas network is usually calculated using Renouard equation for determination of gas flow and pressure drop value. Flow regime in the typical network is partially turbulent. Adoption of inappropriate friction factor or equation can cause significant errors in calculated pressure drops per pipes-in our case from 20 to 130 times (and in pipe 17 with laminar flow regimes up to 1000 times).
According to practical limitations for natural gas pipeline flow and taking into account typical pipe roughness, it is possible to conclude that for pressures below 5•10 5 Pa and for cooper and polyethylene pipes (usually these types of pipes are smooth), the only available flow regime is the partially turbulent flow and
